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system. The nonlinear tracker performance was characterized through comparisons
with the previous altitude trascker. The original tracker, used by the collision
avoidance logic, was a simplistic Alpha-beta (.'-)tracker.

The nonlinear tracker performance evaluation was conducted in three phases: (1) The
stand-alone error characteristics of the tracker were obtained. Simulated mode C
report sequences were provided directly to the tracker. (2) The nonlinear tracker
was integrated directly into the collision avoidance logic. With the use of the
Fast-Time Encounrer Generator (FTEG), a comp~arative study of performance with the
nonlinear tracker versus the ja - it tracker was made. (3) Selected live fLight
test encounters were used to analyze the relative performance of the- - 0 tracker
versus the nonlinear trdcker. *

The stand-alone analysis revealed that the nonlinear tracktr consistently had
smaller maximal error* 'in vertical rate estimation and a smaller transient rate
response delay than did the 'a - & tracker. Both the live flight test encounter
simulations and the FTEG scenario simulation indicated that nonlinear trackin~g
often caused an increase in separation for encounters with vertically accelerating
threats and reduced occurrences of inccrrect command sense choice.,d
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INTRODUCTION estimates are used to perform up to
three vital collision resolution
functions.

PUREPOSE.

The first function is to determine which
The purpose of this report is to intruders are threats and i! a rmae-
describe the analysis of the nonlinear lution advisory is required. Previous
tracker algorithms developed by Lincoln t€.sting of the ICAS logic showed that
Laboratory (reference 1). The nonlinoar the errors associated with the a - 0
tracker was developed to replace the tracked vertical position and vertical
current alpha-beta ( a - I ) tracker in rate only caused a 1- to 5-second
the Active Beacon Collision Avoidanre variation in the time at which the BCAS
System (BCAS) intruder and own aircraft comman4 first appeared (r. ference 3).
tracking logic (reference 2). Ine
report documents the performance of the The second use is to determine the sense
nonlinear tracker in terms of vertical of escape maneuver. Active BCAS can
rate error characteristics and vertical only provide escape resolution in the
separation at the closest point of vertical domain. The sense of maneuver
approach (CPA) following BCAS comands. is selected by modeling an own aircraft

response to, first, a climb command
SCOPE. and, then, a descent command. The sense

of moreuver which would provide the
This report is intended to characteris, greater separation at CPA is then
the impact of the mode C altitude report selected. Sense selection is made on
quantization on vertical rate tracker the first logic cycle that the intruder
estimates. This report presents results is declared a threat. Once selected,
of Last-time simulations of nonlinear the sense of command for a specific
tracker performance. intruder does not change throughout the

encounter.
An analysis was made of the stand-alone
vertical rate and position error charac- Since the -•,,ee is selected only once,
teristics and comparison with the it is imperative that the occurrences of
performance of the a - I vertical incorrect sense choices be minimised.
tracker using specially developed To determine the threat's vertical posi-
conflict scenarios and encounters based tion at CPA, the BCAS logic projects the
on live BCAS flight test data. threat's vertical position at time of

detection. The projection, which is
BACKGROUND. based on the tracked vertical rate of

the intruder at time of detection, may
The ICAS logic requires the accurate entail as much as a 35-second position
sequential estimation of own aircrait's projection. As a result, the peak error
and the intruder's vertical posction ard in the cracked vertical rate at time
vertical race. This information is of detection can be multiplied by 35 in
generated every logic cycle (nominally the determination of the threat's
every second) in the own aircraft and projected vartical position at CPA.
intruder aircraft tracking modules. In Du'ing previous testing of the BCAS
the presence of missing target reports, logic, it was discovereJ that the peak
the tracking modules can coast the errors in the vertical rate estimtte
vertical position and vertical rate provided by the s - 0 tracker often
based on previous •t'ack history. On resulted in an incorrecL sense choice
every logic cycle after the logic hue and marginal separation performance
updated own and intruder aircraft (reference 8).
tracks, the vertical position and rate



The third use of the tracked verticAl with the intermittent positive control
position and rate is made in the (IPC) collision avoidance algorithms
determination of the severity of the (reference 4).

BCAS command. The logic selects one of
three types of mancuvers: positive With consistent I-second updates, thr
commands (climb or descend); ncgative vertical position estimate of thea-$

commands (do not descend or do not tracker at tit* t is Z(t) where
climb); or vertical speed limit combands
(limit descent rate or limit climb
rate). The pobitive commands are the Z(t) - (-a)*(Z(t-) + i(t-l)) *5*.r(t)

most severe, since they require a
positive response by the BCAS aircraft (A)
to generate separation. Negative and
limit commands may not require a change
in the BCAS aircraft's vertical rate in vhlre Z(t) and Zr(t) are the rate
order to provide proper separation. estimate and mode C report at time t.

Unlike the ,ense of the command, command The altitude traý ing constant a a 0.4.

severity can transition during an
encounter poriod. The only requirement The vertical rate estimate at Lime t is

is that, once a particular command Z(t) and is obtained as follows:
severity is selected, it mest be dis-
played for at least 5 seconds prior
to changing. -i " (I-P)*Z(t-I) + 8*(Zr

Logic testing has not detected a command (2)

severity selection problem that can be
traced to errors in vertical rate
estimation. The major impact on large where the origi.aal. altitude rate

performance caused by errors in vertical tracking constant was S = 0.15.
rate estimation occurs in the area of
sense selection. During period# of mi.sing data reports

k-jp to 10 seconds) (1) is replaced by

DISCUSSION
Z(t) - Z(t-At) + i(t-at)'At (3)

PREVIOUS VERTICAL TRACKER.
where the duration of the midsing data

The inpu.ts to the BCAS vertical tracking period is at.

logic are the mode C altitude reports.
These reports provide altitude infor- During this period, the rate estimate .
mation to the nearest 100 feet. The a constant, Z(t-6t). The initial evalu-

ideal vertical tracker must provide ation of the BCAS collision avoidancq
accurate position and rate estimates in logic indicated that the probahility of
rpite of the 100-foot granularity in the incorrect sense choices for threats
input data. Throulih optimization of the maneuvering at constant vertical rates

Q (altitude tracking constant), and was significcnt. These sense choice
* (rate tracking constent) parameters, problems were traced to the errors in
the a - S tracker attempts to provide the rate estimate at the time of threat

smncth vertical. vate estimates without detection (references 5 and 6). Since
excessive delays in detecting rate the original B parameter value (0.15)

charges. The a- 0 vertical tracker was based on the 4.7-second update rate
used by the Active BCAS logic originated of LPC, the presence of the 1-second

2



update rate of Active BCAS caused iarge error in the rate estimate ard the
quantiuation induced errors in the rate proportion of time the projected posi-

estimate, In turn, the projection of tion error exceeded 200 feet are shown
these large rate errors tor up to 35 in table 1.

seconds caused an incorrect relative
position projection at CPA. Table I indicates that the largest

percentages of projected position error
Fcll-wing a study by Brost@ (reference are associated with vertical rates

7), the $ parameter was reduced tfom between S0O and 1,100 ft/mim. Nonzero
0.15 to 0.10. This change caused the probabilities of the projection error
rate estimate to be more heavily exceeding 200 feet appear again hetween
smoothed by previous track history, at 1,600 and 1,900 ft/min and between 2,700
the cost of a slight loss in the and 3,200 ft/min. Rates in the range of
tracker's transient rate response time. 1,600 to 1,900 ft/min are characterisud

P.eference 7 demonstrates a significant by time inLervals between mode C transi-
reduction in the root mean. square error tions which (when quantised in seronds)
in the rate estimate when $ is reduced. d') not result in constant time measure-
However, it is important to note that taonte betwesin mode C report transitions.
since the sense selection is the result At i.500 ft/min, the mod* C report
of the stochastic condition of the rate chartt,, every 4 seconds; it chaniges

estimate at a single instant in time, it every 3 seconds at 2,000 fti'min. There-
is the control of the maximal error in fore, rates between 1,500 and 2,0(01
the rate estimate that should be of ft/min cause mode C report transitions
primary concern. With 0 a 0.10, the to cycle between 3 and 4 #econds. It is
cyclic errors in the iate estimate and this pattern of quantized time measure-
the possible error in the vertical mints which #re not constant that cause
position projection Zor a constant 500 the peak errors in the rate estimate.
feet per minute (ft/min) vertical The same is true in the 2,700- to 3,200-
maneuver are shown in figure 1. The ft/min range. Except at the 3,000-
mode C reports are also shown in ft/min rate where the transition period
figure 1. is a constant 2 seconds, each of the

rates reotresent nonconstant tranoition
At a constant 500-ft/min vertical rate, periods. For 2,700-to 2,900-ft/min

the mode C report will change once every rates, the transition period cycles
12 -econds. The peak quantization- between 2 and 3 seconds. For ratce

induced error in the rare estimate above 3,000 ft/min, it cycles between
exceeds 8 feet per second (ft/eec). I ane 2 seconds.
This is the magnitude of the vertical
rate (500 ft/min a 8.33 ft/sec). The INITIAL FLIGHT TEST RESULTS.
peak erroc in the rate estimate occurs 2
seconds after the mode C report changes. Initial live flight tests were conducted
The error in the rate estimate results with an a - I tracker performing the
in a cyclic error in the position internal BCAS logic vertical tracking
projection. During the 12-second function. The parameter values were
tracking error cycle, the error in the S ,.0.4 and " 0.1. Almost immedi-
projected position exceeds 200 feet, six ately, problems in sense choice were
times, detected for intruders which were

essentially in level flight. The sense
Similar analysis of the cyclic errors in choice problems were traced to mode C
the rate es;imate caused by quantization report boundary transitions. The
was performed for constant rate patternt of mode C reports caused by the
maneuvers between 500 and 3,500 ft/min boundary transitions are called mode C
in increments of 100 ft/min. The peak excursionb.

3
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DATA RECORDED AND PROCESSED
BY THE FAA TECHNICAL CENTER

TABLE 1. QUANTIZATION-INDUCED CYCLIC PEAK ERROR IN THE RATE ESTIMATE AND THE
IMPACT ON THE PROJECTED POSITION 0 = 0.10

RATE PEAK ERROR PROPORTION OF TIME PROJECTED
(ft/min) (ft/sec) POSITION ERROR EXCEEDS 200 FT

500 8.15 0.50
600 7.96 0.30
700 8.31 0.23
800 8.03 0.06
900 7.35 0.09

1,000 5.7-9 0.17
1,100 6.81 0.09
1,200 4.90 0.00
1,300 6.57 0.07
1,400 4.67 0.00
1,500 3.92 0.00
1,600 5.72 0.07
1,700 6.73 0.05
1,800 4.90 0.00
1,900 6.55 0.09
2,000 2.84 0.00
2,100 4.74 0.00
2,200 5.62 0.00
2,300 5.•08 0.O00

2,400 3.19 0.00
2,500 4,50 0.00
2,600 3.82 0.00
2,700 5.97 0.06
2,800 6.41 0.07
2,900 8.23 0.07
3,000 1.61 0.00
3,100 8.22 0.07
3,200 6.40 0.08
3,300 4.83 0.00
3,400 6.21 0.02
3,500 4.99 0.00
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Examples of mode C excursions seen i. in the projected vertical positlon.. In
live flight testing are shown in the unreinforced case, Lhe error in the
figure 2. rate estimate is depressed below the

threshold for a 200-foot error in
projected position I second after the

1 initial excursion.

3100 3100 For cr.ses where the aircraft remains

it above the transition boundary rein-
------------ u forcing the mode C excursion, the peak

30 E30 D0 U0 error in the rate estimate occurs 2
U.UNREINFORCED MODE CEXCURSION If

3001.. seconds after the mode C transition.
SS The peak error of 16.5 ft/sec could

30 30 30 30 3 0 L- - cause the error in projected position to
29 2 exceed 575 feet. When the aircraft

REINFORCED MODE C EXCURSION remains abt :e the transition boundary,29O0 - 2M0

the induced errors in the rate estimate
I________ _.__I Iremain above the 200-foot position error

t-2 -, 0 1 2 3 4 threshold for 10 seconds. This analysis
TIME(SECONDS) 81-15-- reveals that with a - 6 tracking

( a - 0 . A and 0-0.1) mode C
quantization-induced rate errors can

FIGURE 2. LEVEL FLIGHT MODE C REPORT remain above the rate threshold that
EXCURSION PATTERNS causes 200-foot errors in position pro-

jection for 1 to 10 seconds, depending
on the duration of the mode C excursion.

In the first case, the intruder is in

level flight near the mode C transition Both mode C excursion patterns
boundary of 3,050 feet. A slight investigated occurred often in flight
deviation in the flight path takes the testing. Logic changes were made to
aircraft above the transition boundary control the impact of the induced rate
causing a 100-foot change in the quan- error caused by mode C excursions.
tized altitude report. If the aircraft Without abandoning a - B tracking, the
returns to telow 3,050 feet on the next following CAS logic changes were made:
cycle, the 3,1CO-foot mode C report is
not reinforced. On the other hand, the 1. In order to make the tracker
aircraft can remain above 3,050 feet and less sensitive to mode C transitions,
the 3,100-foot mode C report can be the rate tracking constant 0 was reduced
reinforced. The quantization-induced to 0.05.
rate errors for these two mode C
excursions are shown in figure 3. 2. The sense choice logic became a

"balanced" logic, in the sense that
Although the intruder's flight parh is neither a climb nor descent avoidance

nearly level, the slight altitude maneuver was favored. Previously,
deviatioiis across the mode C transition sense choice logic had favored the
boundary can induce significant errors selection of descent sense maneuvers.
in the rate estimate. For the
unreinforced excursion, the peak error 3. A rate clip parameter, ZDLVL,
of 10 ft/sec occurs when the mode C was added to the sense choice logic. If
report changes. The rate error decays the rate estimate was less than 10
once the mode C report returns to ft/second any sense selection that might
its previous value. The peak error of occur on that logic cycle was based
10 ft/sec could cause a 350-foot error strictly on relative vertical position.

6
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Subsequent flight testing verified tracker'sa transient: race response time
that theme logic changes eliminated am a function of e and * . Tracker
sense choice problems associated rith equivalent memory approximares the
mode C excursions for aircraft response time cof an B - 3 tracking

essentially in level flight. However, system to input transitions and identi-
the reduction of I to 0.05 has signifi- fies the tracker's ability to detect
cantly reduced the tracker's acceler- accelerations. Table 2 shows the cost
ation detection capabilities. Droste incurred in terms of acceleration detec-
(reference 7) uses the term "tracker tion with the reduction of I to 0.05.
equivalent memory" to characterize the

TABLE 2. TRACKER RESPONSE DELAY AS A FUNCTION OF 0

Tracker Response Delay-
Rate Tracking Constant Equivalent Memory

SJ (Seconds)

0.15 6.87
0.10 9.06
0.05 14.46
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The increase in smoothing of the rate nonlinear and a - S tracking logic. In
estimate with the reduction of 0 to 0.05 the second phase, each tracker was
from 0.15 has resulted in the doubling interfaced into the Active BCAS logic;
of the tracker's transient rati response performance was analyzed through
delay. This delay, during vertical simulation using the Fast-Time Encounter
accelerations by intruder aircraft, Generator. In the final phase, selected
could critically impact BCAS threo.t live flight test data were used to
detection by inducing delayed alarms compare the a - 0 and nonlinear tracker's
causing insufficient separation. performance.

NEW NONLINEAR TRACKING APPROACH. STAND-ALONE STEA,)Y STATE PERFORMANCE.

In order to provide for smoother rate In a steady state 500-ft/min climb, the
estimates without causing a signif 4 - mode C report changes every 12 seconds.
cant increase in the tracker's transient Figure 4 presents the comparison of Lhe
rate response delay for certain condi- limit cycles for both trackers. This
tions, Lincoln Laboratory has developed causes the periodicity of rate error
a new nonlinear tracking scheme. The cycle to equal 12 seconds. The peak
tracker, which is considerably more error in the rate estimate witnia that
complex than the a- S tracker, makes cycle ave the err'crs which are compared.
greater use of the mode C report hirtory Figure 5 presents the comparison of the
than the a - $ tracker. The description peak rate error for both trackers for
of the tracker is presented in appendix rates ranging from 100 to 3,500 ft/min.
A. The remaining portions of this The rate error which would yield a 100-
report present the results of the foot vertical position projection error
comparison of the nonlinear tracking (2.86 ft/sec) is also ids.'tified.
performance with the a - S tracking
performance (a - 0.4, S - 0.05). In no case does the steady state

nonlinear tracker peak rate error exceed
thee -atracker's peak rate error for

RESULTS AND ANALYSIS rates less than 400 ft/Win. Nominal
errors in the rate estimates which occur
for both trackers are large. However,

The analysis ot the nonlinear tracker the magnitude of the rate estimates for
performance was conducted in three both trackers is less than 10 ft/sec.
phases. The fitst characteristic Ac a result, the BCAS logic assumes the
analyzed was the maximal error in the aircraft is essentially level and
rate estimate for a given constant rate ignores the rate estimate in command
vertical maneuver. To avoid the sense selection. Current relative
influence of tracker initiali:ation position is used instead of projected
procedures, the trackers were exercised vertical position to determine command
with the fixed vertical rate iAode C sense.
inputs until the trackers reached steady
state conditions. The resulting :racker The altitude bin occupancy time is
steady state conditions may contain defined as the duration of a constant
oscillations in rate estimation, These mode C report. For a 500--ft/min rate,
oscillations are called limit cycle the bin occupancy time is 12 seconds.
oscillations (reference 9) and appear in When the bin occupancy time is constant,
a repeatable pattern. A comparison is the nonlinear tracker's p,.ak rate error
made between the maximal errors in the is 0 ft/dec. Looking at figure 5, this
limit cycle oscillations for each condition occurs for rates of 400, 500,
tracker. in this phase, mode C altitude 600, 1,000, 1,200, 1,500, 2,000, and
reports ere provided directly to the 3,000 ft/min. This occurs because these

8
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rates represent constant inceger bin occupancy times. The nonlinear tracker,
occupancy times of 15, 12, 10, 6, 4, 3, in these cases, has the capability of
and 2 seconds, respectively, providing error-free rate estimates.

The nonzero peak errors in the nonlinear ACCELERATION PERr'ORMANCE.
tracker occur for rates which do not
yield a constant bin occupancy time. The stand-alone analysis was extended to
For instance, a 2,700-ft/min rate 145 characterize tracker performance during
ft/sec) yields the following bin and following vertical accelerations.
occupancy sequence: 3 seconds, In the first case analyzed, mode C
2 seconds, 2 seconds, 2 seconds, 3 inputs represented a level flight air-
seconds. The nonconstant bin occupancy craft that began 8 ft/sec2 (0,25 g)
times cause the rate estimate errors. acceleration at time t. The acceler-

ation continued until a final vertical
Regardless of the consistency of the bin rate was achieved. The analysis was
occupancy time, the a - I tracker always designed to compare the differece in
has a nonzero peak rate error. Both the time required for the trackers to
trackers have mean rate errors of 0 obtain an Pe'curate estimate of the final
ft/sec for all steady state constant vertical rste. Conservative estimates
rate conditions analyzed. It is of the time delay were obtained by
important to note that the constant rate initially having the level flight mode C
vertical maneuvers usually employed by inputs occtkr while the aircraft was at
pilots (500, 1,000, 1,500, and 2,000 the lowest portion of the altitude bin.
ft/min) all represent constant bin In this way, with an acceleration into

10
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the climb condition, the longest period t+9, considerable differences in the
would expire prior to a mode C report rate estimates provided by the two
tra~kaition. trackers exist. The cyclic 3-second

pattern of rate estimates are apparent
In figure 6, the final rate invastigated in the • -9 rate estimate. Accurate
was 1,000 ft/min. This final rate is estimates of the rate occur 10 seconds
achieved 2.07 seconds after the acceler- eqrlier with the nonlinear tracker. The
ation begins. The first mode C transi- error in the a - S rate estimate exceeds
tion is observed at t+7. Rate estimate 10 bercent of the actual rate until
for the a - 3 tracker is 6.48 ft/sec. t+19. This delay in obtaining an
The nonlinear tracker considers this accurate estimate of the final rate is
first change in modc C to be an isolated due to the large equivalent memory
change since the previous mode C reports (table 2) associated with the I a 0.05
had indicated level flight. As shown in value.
appendix A. the nonlinear raite estimate
at t+7 is 8 ft/sec, the value of para-- In figure 8, results for a final rate of
eter P1. The next mode C transition 3,000 ft/min (2-second bin occupancy
occurs at t+13. Ietween t+7 and t+13, time) are shown. In this case, the
the a - I rate estimate peaks at t+10. final rate is achieved in 6.22 seconds.
This corresponds to the occurrence of The first mode C transition occurs at
the peak rate estimate for reinforced t+5 and the second at t+7. During the
mode C excursion rate estimates as shown acceleration phase, between t and t+6,
in figure 3. After t+13, the nonlinear both trackers provide very poor rate
tracker has observed the constant bin estimates. However, following the
occupancy time for the 1,000-ft/min rate second transition at t+7, the nonlinear
(6 seconds), and error-free rate esti- tracker provides an error-free rate
mates occur. The a - 0 rate esti- estimate. Due to the equivalent memory
mates show the 6-second cyclic pattern of the a - 0 tracker, accurate estimiates
associated with the bin occupancy time. of the truA rate, 50 ft/sec, do not
The a - I rate estimate converges to occur until t+18. Hence, accurate rate
1,000 ft/min but will oscillate around estimates occur 11 seconds sooner with
that value indefinitely. For 0.25 g the nonlinea; tracker.
acceleration and final rate of 1,000
ft/min, both the tracks experience the A comparison of tracker performance for
same delay in providing accurate rate slow accelerations was also made. The
estimates (13 seconds). The advantage case where the acceleration rate is
of the nonlinear tracker is the error- 0.1 g (3.21 ft/sec2 ) and the final
free condition that can exist after rate is 2,300 ft/mmn will be reviewed.
t+12. When the final rate is 2,300 ft/min, the

bin occupancy times are not constant.
Figure 7 depicts the comparison when the The bin occupancy pattern is a combin-
final rate is increased to 2,000 ft/min. atien of 2- and 3-second occupancy
The final rate is achieved in 4.15 times. The results of the comparison
seconds. The first mode C transition are shown in figure 9. Achievement of
occurs at t+6. Again, this initial the final rate requkrpd 11.92 secoads.
transitior is interpreted as an isolated Because of the slow acceleration, the
transition by the nonlinear tracker. first transition does not occur until
The same rate estimate (8 ft/eec) occurs t+S. The second transition does not
as it occurred far the initial transi- occur until tell. Although the non-
tion in the 1,000 ft/mi case. The linear rate error exceeds 4 ft/sec

second transition occurs at t+9 and between t+ll and t+15, the error is
reflects the constant 3-second bit less than one-half the error for the
occupancy time. For times greater than a - 9 tracker for the same time period.
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t~i
Tho slow acceleration and final rate,
occupancy times, resulted in the longest k-t+i-1O

delays for the nonlinear tracker to pro- error at tim k.
vide accurate rate estimates. However,
the nonlinear rate estimates were
within 10 percent of the true rate for For instance, KjU is the average
times greater than t+15. The same magnitude of the tracked rate error
condition did not result for the during the first 10 seconds following
* - * tracker until t+25. the acceleration. Similarly, T20 is the

average magnitude of the tracked rate
Comparison of performance during high error dur ng the period from 10 to 20
accelerations (g so 0.5) was also made. seconds after the initiation of the
Figure 10 presents the results when the acceleration. The popsible average
final rate is 2,300 ft/min. With the magnitudes of the vertical position
high acceleration, tao final rate is projecrion error can be obtained
obtained in 2.38 seconds. The first cireccly by multilying table entries
mode C transition occurs at t+4. by 35 seconds. The comparisons are made
Although the rate is only 38.33 ft/sec, for Lhree different acceleration rates
a second transition occurs at t÷6. and final vertical rates ranging from
Remember that the 2,300-ft/min rate 500 to 3,500 ft/mn.
reflects a combination of 3- and
2-second bin occupancy times. Because With the high acceleration rate
the second transition occurs only 2 (g a 0.5) there is essentially no
seconds after the first, the nonlinear difference in performince during the
rate estimate exceeds the true rate by 5 first 10 seconds following the acceler-
ft/sec between t+6 and .+8. The m#gni- ation when the final rate obtained is
tude of the error is less than one-half 1,500 ft/min or loes. However. for
the error in the a - A rate estimate for final rates of 2,000 ft/min and abovi,
the meme period. After the third tran- the nonlinear average rate error
sition which occurs at L+9, the errors approximates one-half to two-thirds of
in the nonlinear rate estimate remain the a - A cracker's average rate error
less than 2.62 ft/sec. Thus, for times during the first 10 seconds following

greater than t+9, the peak error in the the acceleration.
nonlinear tracker is less than 7 percent
of the actual rate. This same accuracy During the 10- to 20-second time period
does not occur in the a - * rate esti- following the acceleration, the non-
mate until t+22. Again, the. nonlinear linear rate errors have been essentially
tracker provided accurate rate estimates eliminated regardless of the final rate
12 seconds sooner than the a obtained. The average rate errors for
tracker. the a - A tracker remained significant

during the t+10 Lo t+20 second time
The preceding analysis reviewed tracker period when final rates obtained were
performance for level flight aircraft 1,500 ft/min or more. The accuracy of
which accelerate into constant rate 'f- B rae estimates does not match the
climbs. Similar results can be expected uniform accuracy of the nonlinear rate
for transitions from level flight into estimates until t.20 seconds.

constant rate descents.
With 0.25 g acceleration rate, the sine

The comparison of the performance of the pattern of results is observed. For the
nonlinear and a - 0 trackers during t+10 to t+20 second time period, a
accelerations from level flight is sum- larger difference in performance
marixed in table 3. If the acceleration results than was observed with 0.5 g
is initiated at time t: accelerations. Average 0 - S rate

16
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TAaLS 3. COWPARISON OF TII DEPENOINT AVZRAG8 ERROR MAGNITUWRS
DURING ACCMELRATIONS -- i rTP/SIC

Final Rate Nonlinear Traeker S - 4Tracker
-_ (ft/m") t / s

0.50
Soo 8.33 2.86 1.65 8.13 2.31 1.581,000 13.86 2.34 '.00 13.51 3.53 1.29

1,500 16.41 0.00 ',Oo ;8.03 4 43 0.99
2,000 16.06 0.00 j.V0 22.26 5.04 1.02
2,500 18.64 1.43 0.61 27.26 6.18 1.40
3,000 18.12 0.00 0.00 32.34 8,45 1.28
3,500 18.09 1.13 0.77 35.14 9.48 1.39

0.25
510 9.08 3.43 1.66 9.08 2.94 2.64

1.0(#0 13.75 2.34 0 OA 13.38 3.52 1.46
1,500 15.32 0.00 i'.00 17.71 4.35 0.90
2,000 13.66 0.00 0.00 21.70 6.06 1.02
1,500 18.09 1.48 0.67 25.09 7.46 1.72
3,000 15.99 0.00 0.00 28.31 10.16 1.ý!
3,300 18.42 1.58 0.65 30.87 13.19 :.86

0.10
500 7.63 3.78 2.15 7.63 2..,3 2.59

1.000 11.64 4.43 0.00 11.88 4.8M 0.99
1,500 14.34 1.92 0.00 14.46 7.27 1.54
2 000 15.52 0.00 0.00 15.62 10.38 1 56
2,500 15.52 4.80 0.95 15.51 15.19 3.0,L
3,000 15.52 8.17 1.31 15.51 18.76 4.92
3,500 15.52 10.34 1.30 15.51 22.16 7.62

18
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errors for the t+10 to t+20 second time the deceleration. As a result, the rate
period could cause vertical projection estimate is adjusted with a decaying
errors to exceed 450 feet. As in process. The same procedure is used at
the high acceleration case, the t+9. The adjustment almost eliminates
a - 8 tracker rate accuracy does not the error in the nonlinear rate esti-
approach the nonlinear tracker accuracy mate. The final mode C transition
until t+20 seconds. occurs at t+6. At t+14, the nonlinear

tracker observes that the estimated bin
For slow accelerations (g - 0.1), the occupancy time, ZMOD7, has been exceeded
performance of the two trackers is by 5 seconds (the value of parameter
nearly identical during the first 10 P5). As a result, the rate estimate is
seconds following the acceleration. set to 0 ft/spc t, :present level
This result occurs independently of the flight. The a - 8 rate ezror exceeds
final rate obtained. When the final 5.71 ft/sec for an additional ( seconds.
rate obtained exceeded 1,000 ft/min, the During this period, the a - 8 errors
nonlinear tracker performed considerably would result in at least a 20)-foot
better than the a - 0 tracker during the error in vertical position projection.
10- to 20-second period following the
acceleration. For slow accelerations, For a higher deceleration rate (figure
the a - p tracker rate errors persist 12), the performance of the nonlinear
during the :+20 to t+30 second time tracker is even betber when compared to
period, the a - 8 tracker. For -0.5 g deceler-

ation, an aircraft climbing at 2,300
With a - B tracking, projection errors ft/min can level off in 2.38 seconds.
as large cs 265 reet could still persist The last mode C transition, prior to
more than 20 seconds after the deceleration, occurs at c-1. Henc', at
acceleration. t+3 the nonlinear tracker detec s an

excessive bin occupancy time and adjusts
DECELERATIONS TO LEVEL FLIGHT the rate estimate. At t+6, the esti-
CONDITIONS. mated bin occupancy time his been

exceeded by 5 seconds and the rate
In this section, we will review tracker estimate is reset to 0 ft/sec. The
performance when an aircraft in a fixed a - B rate error does not decay below
rate climb returns to level flight. The 5.71 ft/sec until t+12. Again, we see a
climb rates investigated ranged from 500 6-second difference in the establishment
to 3,500 ft/min. The analysis of the of accurate rate estimates.
tracker performance during the return to
level flight from a climb rate of 2,300 During decelerations to level fiight,
ft/min will be presented. This rate the nonlinear tracker resets the rate
represented the severest conditions estimate to 0 ft/sec when the excess bin
analyzed. occupancy time exceeds 5 seconds. The

a - 8 tracker cannot reset its rate
In figure 11, a -0.1 g deceleration estimate to 0 ft/sec. The 0 value of
effect is presented. At -0.1 g, it 0.05 causes the decay in the rate esti-
takes 11.92 seconds to return to level mate to 0 ft/sec to be quite slow.
flight from a 2,300-ft/min climb rate. Depending on the precision of the logic
The mode C transition pattern of 2- and arithmetic operations, the a - B rate
3-second bin occupancy times has been estimate may cycle indefinitely with a
established in the climb. The detection nonzero magnitude. This could cause
of the deceleration requires the tracker problems with the CAS logic's vertical
to detect a deviation from the 2- and speed limit routines. These routines
3-second bin occupancy pattern. At t+6, make explicit checks for nonzero
the nonlinear tracker detects tne vertical rates.
excessive bin occupancy time following
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Table 4 summaxizen performance of the constant climb rate into a constant
two trackers during and following descent rate were analyzed. In figure
decelerations from established climbs to 14, the aircraft is established in a
level flight. The comparison is made 3,000-ft/min climb rate, then deceler-
for three deceleration rates and for ates into a 1,000-ft/mmn descent. The
established climb rates ranging from 500 deceleration rate presented is -0.5 g.

to 3,500 ft/min. For almost all condi- The nonlinear tracker detects excess bin
tions tested, the nonlinear tracker occupancy time at t+3 and adjusts the
declared level flight within 10 seconds rate estimate to approximately 1,000
of the initiation of the decelerations. ft/min. At t+7, a downward transition
The large errors that still exist in the in altitude bins is detected and a
nonlinear rate estimate more than 10 negative rate estimate occurs. The
seconds after initiation of the deceler- a - 0 tracker does not provide a nega-
ation occurred for the high initial tive rate estimate until t+13. At this
climb rate (3,000 and 3,500 ft/min) and time, the nonlinear rate estimate is

for the slow deceleration rate (-0.1 g). error free. In general, the analysis of
In these cases, level flight conditions pitchover maneuver results indicated
do not occur until 15.5 and 18.1 seconds significantly earlier (6 to 10 seconds)
after the deceleration was initiated. negatie rate detection by the nonlinear
The a - 0 rate estimates contained a tracker. The differences in time, to
considerably larger error than the non- obtain accurate final rate estimates,
linear tracker during the 10- to approximated differences identified in
20-second time period following the the comparison of deceleration
initiation of deceleration, performance.

DECELERATION TO OTHER THAN LEVEL FLIGHT During pitchover maneuvers the abiiity
CONDITIONS. of the vertical tracker to determine

when the direction of vertical movement

Analysis of tracker performance during has changed is critical. The parameter
decelerations from a fixed rate to ZDLVL is used to discount low vertical

another rate (not level flight) was rates by intruder aircraft in selecting
made. In figure 13, the initial rate is maneuver sense. The delay in the
-2,500 ft/min and at time c a deceler- tracker detecting * rate less than ZDLVL

ation to -1,000 ft/min is initiated, is a good measure of tracker performance
With a -0.25 g deceleration, the new during pitchover maneuvere. Tracker
rate is obtained in 3.10 seconds. At respcnses during 2nd following -0.5 g

t+3, the nonlinear tracker detects an pitchover maneuvers were anal,.'zed.
excess in the bin occupancy time and Initial climb rates varied between 500
adjusts the rate estimate. Between t+3 and 3,500 ft/min. The -0.5 g pitchover
and t+5, the nonlinear tracker over- was sustained until a 1,000-ft/min
estimates the deceleration. However, descent rate was established.
the magnitude of the rate error of the
nonlinear track is less than the a-$ Table 5 identifies the results of the
tracker error magnitude, Beyond t+6, pitzhover analyris. The comparison is
the nonlinear tracker rate estimate is made in terms of the delay in seconds
error free. Consistently accurate a- 0 until certain tracked conditions exist.
rate estimateL do not occur until t+14, Since the delay periods are dependent on
an 8-second difference in the delay. the location within an altitude bin when

the pitchover maneuver is initiated, the
PITCHOVER MANEUVERS. delay is stated as a pL-riod of time.

Since the maximum rate estimates for
Maneuvers in which a constant rate both Lrackers are less than 10 ft/sec
deceleration takes an aircrtft from a for a 500-it/min climb, the tracked
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TABIS 4. COMPARIlSON OF TINE-DSItNDRNT AVERAGI ERROR NAGNITU•SDURINC DECELSRATIONS TO LEVAL FLICHT

InitialClimb Race Nonlinear Tracker a- * Tracker
a(7 c/min) 5 3 I 2 3

-0.50 !0!0 L

500 6.76 0.0 0.0 4.10 0.64 0.081,000 13.67 0.0 0.0 13.84 2.89 0.451,500 7.41 0.0 0.0 12.65 2.34 0.302,000 12,51 0.0 0.0 19.87 4.11 0.462,500 5.52 0.0 0.0 20.86 4.36 0.583,000 9.40 0.0 0.0 25.31 5.78 0.763,500 18.74 0.0 0.0 32.41 8.83 1.20

500 6.46 0,0 0.0 4.07 0.70 0.081,000 12.08 0.0 0.0 12.98 3.25 0.451,500 5.63 0.0 0.0 10.76 2.34 0.302,000 8.60 0.0 0.0 16.45 4.21 0.5s2,300 12.72 0.0 0.0 22.39 7.03 0.963,000 16.16 0.0 0.0 23.90 8.93 1.253,300 20.10 0.0 0.0 28.07 12.12 1.72

-0.10
500 5.79 0.0 0.0 3.40 0.74 0.071,000 10.68 0.48 0.0 10.39 3.25 0.4510500 11.24 0.61 0.0 11.24 5.49 0.802,000 11.71 0.70 0.0 11.71 7.92 0.982,500 13.62 0.51 0,0 13.62 10.32 2.063,000 10.83 6.71 0.0 *0.83 16.08 5.003,500 10.71 9.9C, 0.18 10871 19.81 6.94
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TABLE 5. COMPARISON Or' TRACKER RESPONSE DELAYS POLLOWING

-0.3 & PITCHOVER MANEUVER To -1,000 FT/MIN

Period Tracked Rate Period Until Descent

Initial Exceeds 10 ft/sec is Detected
Climb Rate (seconds) (seconds)

(ft/min) Nonlinear a-5 Nonlinear a-0

500 - 4-6 5-7

1,00w 2-7 5-9 5-8 8-13

". 0 3-6 6-10 6-8 8-13

2,000 3-6 7-10 4-7 10-14

2,500 4-7 8-11 6-8 12-14

2,700 4-7 8-11 6-8 12-14

3,000 4-8 9-11 6-8 13-15

3,500 5-8 10-12 6-8 13-16
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rates do not exceed lU ft/sec during the The results are shown in figure 16. The

picchover when the initial climb rate is major advarntage of the nonlinear tracker

500 ft/min. The maximum time required is the ability to obtain an accurate

tu deprtse the nonlinear rate estimate level flight rate estimate much sooner

below 10 ft/seac following the initiation than the a- B tracker. The nonlinear

of the pitchover is, in general, less tracker provides the level flight rate

than the minimum delay that is expected estimates for the time period between

with a- $ tracking. The delay with t+l0 and t+25. The a - A tracker

a - 0 tracking required before a descent obtains accurate level flight rate esti-

is detected is twice the delay experi- mates only for times greater than t+20.

enced with nonlinear tracking. This Once the descent is resu~G4 at t+26,

result is fairly uniform across all the nonlinear tracker responds as if

initial climb rates above 1000 ft/min. the aircraft had always been in level
flight. As long as the level flight

STAIRSTEP MANEUVER. period exceeds the altitude strata
occupancy time (3 seconds for a

The finaI stand-alone tracker 2,000-ft/min vertical race) by 5
coparisons analysed stairstep vertical seconds, the nonlinear tracker willcomarion anlyzd taiste vrtial reset the vertical rate estimate to
profiles. The aircraft was assumed to rt the v eri l rat pstimt o
be descending at 4 constant rate. A 0 ft/mi for the level flight portion of
level-off maneuver was thenr
accomplished, followed by deceleration
into a descent 5 to 20 seconds later.
Figure 15 presents a typical vertical
profile.

JU g

20-SECOND LEVEL FLIGHT PERIOD _ 2SFT/I

FIGURE 15. TYPICAL STAIRSTEP MANEUVER
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FAST-TINE ENCOUNTER GENERATOR RESULTS. error projected over 35 seconds exceeds
the planned vertical separation value.

Previous problems with command sense The improvement in sense choice per-
choice during intruder accelerations formance with nonlinear tracking is due
were identified in reference 8. to a fastir tracker~response to the
Unequipped intruder encounter scenarios variation in the muode C report pnctern.
like the sequence depicted in figure 17
resulted in BCAS commands which reduced Table b indicates that sense choice
vertical separation at CPA. Fast-tism improvement increases with the magnitude
simulation analysis was conducted Lo of the initial vertical rate. For
see i.f the earlier detection of acceler- larger values of vertical aeparaLion,
ations by the nonlinear tracker had larger residual errors are necessary for
improved the collision avoidance logic incorrect sense choices to result. For
pertormance for scenarios similar to lower initial vertical rates (loes than
those shown in figure 17. -1400 ft/min) and the larger planned

vertical separr.tions, the duration of
The variety of geometries analyzed are incorrect sense choice periods for both
shown in figure 1.. The Active BCAS trackers are nearly identical. However,
logic does not permit sense of command for higher initial vertical rates,
to change once it is selected. If the nonlinear tracking reduced the incorrect
wrong sense is selected and the logic sense periods by up to 7 seconds.
selects a positive command, vertical
separation at CPA is reduced by the Table 7 presents the improvement with
incorrect sense choice. The response nonlinear tracking that results when
model used for this analysis. included a the level-off maneuver is performed more
5-second pilot response delay. rapidly (-0.5 g versus -0.25 g).

The question chat is addressed in this Although a considerable reduction in thc
section is "How long does the error in duration of the incorrect sense choice
the vertical estimate, which wo",1 cause period uccurs with nonlinear tracking,
the wrong command sense to be selected, wrong sense choices may still occur.
persist following the level off maneuver Wrong sense choices result with the
by the intruder?" For conditions shown nonlinear tracker because -he sense
in figure 17; Lhe incorrect sense choice selection logic does not make optimum
for the BCAS aircraft is climb. Since use of the nonlinear ctacker. Research
sense choice can occur on any logic should be conducted to improve the use
cycle when all threat detection condi- of nonlinear tracking data by the sense
tions are satisfied, the improvement in choice logic. Two immediate consider-
sense choice because of nonlinear ations should be investigated. Since
vertical cracking can be identified by command sense cannot change once it is
comraring the period of incorrect sense selected, when sufficient time
choice associated with each tracker (-range/range rate sufficiently large)
following the level off maneuver, until CPA remains, command sense selec-

tion should be delayed during periods of
Table 6 presesats the reduction in acceleration by the intruder. Several
duration of the incorrect sense choice internal variables in the nonlinear
period which occurred with nonlinear tracker (ZHOD8 or a function of ZMOD7)

tracking. Following the level-oif appear to be good indicators of acceler-
maneuver, both the a - 0 and nonlinear ation by the intruder. A second, more
cracking rate estimates contain a soFhiscicated approach is to base sense
residual error. For a specific planned determination on vertical position
separation value, an incorrect sense projection which includes a vertical
choice results when the residual rate acceleration factor.
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UWEIPP9D TNRIAT 106 K&`OTS
(ONITAL RATE VARIED PAOM
-1lE0 TO -4,m6 FT/WI"N)
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VERTICAL MANEUVER
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In KNOTS CROSSING ANGLE a 1W
LEVEL

81-15-I 7

FIGURE 18. GEOMETRIES USED IN COMPARISON OF DETECTION PERIFOR•M•NCE

REVIEW OF LIVE FLIGHT TEST RESULTS. afeer the mode C history shows a
deceleration by the DC-9. At this

During Active BCAS flight testing, an ime , the projected vertical separation,
encounter occurred with a DC-9 aircraft. Zp, is calculatid as follows:
The Federal Aviation Administration
(FMA) ECAS aircraft, registration number Zp - BCAS altitude - (DC-9 tracked
N49, was level at 16,000 feet. The mode position + 35 seconds x DC-9
C report history revealed that the DC-9 tracked altitude rare)
Was climbing at approximately 2,700
ft/min. About 35 seconds prior to the For the a - I tracker in the airborne
tracked minimum range time, the mode C experimental SCAS unit
report history showed a vertical
deceleration by the DC-9. The highest Zp - 16,000 - (15,543 + 35*(34))
mode C report observed was 15,500 feet. = -593 ft
The deceleration rate was about
(-0.5 g). The deceleration period This implies the DC-9 is projected to be
lasted approximately 4 seconds. The 593 feet above the level flight BCAS
mode C report history shows a final aircraft at CPA. As a result, the BCAS
vertical rate of about -1,000 ft/min, logic displayed a "do not climb" comand

for the SCAS aircraft.
. Th7e vertical profile for this encounter

is shown in figure 19. The initial BCAS This encounter was simulated using the
alarm, do not climb, occurs 4 seconds fast-time encounter generator. The time
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DATA RECOROID AND PP"OCESUED
BY THE FAA TICHtICAL CRNTrR

TAALI 6. UDUCTIOV IN DURATION OF INCORRECT BRNBS CROICK fPaltOD
IN 8ICOMND ACNIRVID WIT NONLINKAR VkXTICAL TRAC(ibG
(-0.25 * DRC2LIRATION)

Initial Planned Vertical Separation at CPA
Vertical Folloving Level-Off Maneuver (Feet)

RATE (Vt/Nin) 200 300 400 5oo

-1000 2 2 0 0
-110 1 2 2 1 0
-1200 3 2 1 0
-1300 4 3 2 0
-1400 4 4 3 2
-1500 4 4 3 3
-1600 4 4 3 3
-1700 5 4 3 3
-1800 5 5 4 3
-190C 5 5 A 4

-2000 5 5 5 4
-2100 5 5 4 4
-2200 5 5 5 4
-2300 6 6 5 4
-2400 6 6 5 4
-2500 6 6 5 5
-2600 6 6 5 4
-2700 6 5 6 5
-2800 5 5 5 5
-2900 6 6 5 4

-3000 6 6 5 4
-3100 ) 6 6 6
-'200 7 7 6 6

-3300 6 6 5 4
-3400 7 5 5 6
-35C 6 7 6 5
-3J00 6 5 4 5
-3700 6 6 6 6
-3800 5 4 3 3
-3900 7 6 6 5

-4000 7 8 7 6
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nATA RlECORDED ANO PROCESSED
BY THE FAA TECHNICAL CENTER

TABLE 7. REDUCTION IN DURATION OF INCORRECT SENSE CHOiCE
PERIODS IN SECONDS ACHIEVED WITH NONLINEAR VERTICAL
TRACKING (-0.5 g DECELERATION)

Initial Planned Vertical Separation at CPA
Vertical Following Level-Off Maneuver (Feet)RATE (Ft/Min) 200 300 400 5oo

-1000 2 2 0 0-1100 3 3 2 0
-1200 3 2 2 0-1300 3 3 2 1-1400 4 4 3 2-1500 4 4 3 2-1600 4 4 3 2
-1700 4 4 3 2-1800 5 5 4 4-1900 5 5 4 4

-2000 5 5 4 4-2100 6 5 5 4-2200 6 5 5 4-2300 6 5 5 5-2400 6 6 6 5
-2500 7 7 6 5-2600 7 7 7 6-2700 7 7 7 7-2800 6 6 6 5-2900 7 7 7 6

-3000 7 7 7 7-3100 7 7 7 6
-3200 8 8 7 6-3300 7 7 7 7-3400 8 8 7 7
-3500 7 7 7 7-3600 8 8 8 8-3700 7 7 7 7-3800 7 7 7 7-3900 8 7 7-4000 8 7 7 7
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3S SECONDS PRIOR TO CPA C/ PROJECTED TO BE 600 FT ABOVE N49DC-9 BEGINS .GR g VERTICAL
DECELERATION

No49
320 KNOTS
LEVEL AT 1 6,000 F T

ESTABLISHED IN 1000 FT/MIN DESCENT

DC-9
320 KNOTS
2700 FT/M!N CLIMB 81-15-20

FIGURE 19. VERTICAL PROFILE OF DC-9 ENCOUNTER

versus altitude plot of the results avoidance logic would sense the positive
which occurred with a - B tracking is tate as vertical closure and possibly
shown in figure 20. In simulation, the select an incorrect command sense.
sense of the initial alarm, which was
descend. was incorrect. In simulation, By repeating the fast-time simulation,
command selection appears to have results were obtained for nonlinear
occurred I second later than during the tracking. Figure 21 shows the results.
actual flight. If a first hit had With the nonlinear tracker, a negative
occurred at the 48th second, the vertical rate estimate occurs 5 seconds
command ,elected would have been "do after the deceleration. Since sense
not climb" since the absolute value of selection occurs at this time, the sense
VMD 1-5441 >470 feet, the threshold for selected climb is correct. Since the
positive commands. The logic requires a projected vertical miss distance of 670
command to be displayed for a minimum of feet exceeds the positive command
5 seconds prior to being replaced by threshold of 470 feet, a "do not
another command. A re%iew of the live descend" command is displayed.
flight data indicated a positive
descent command did not result because The tracker responses associated with
the projected vertical separation was this encounter were investigated further
less than 470 feet during the 5-second by supplying the DC-9-mode C history
period immediately following the display directly to the trackers independent of
of the initial "do not climb" alarm. the collision avoidance logic. The
The a - B tracker rate estimates for rhe tracker responses are shown in
DC-9 remained positive for 12 seconds figure 22. Assuming the deceleration
following the vertical deceleration. wac initiated at time t, the duration
During this period, the collision of the periods of incorrect sense choice
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60 -3 3ECONIDS

- -SECONDS INCORRECT SENSE CHOICE PERIOD WITH NONLINEAR TRACKERI ,INCORRECT SENSE CHOICE PERIOD WITH &.$TRACKER

+ 2700 F T/NIH --- TRUE RATE

40 - NONLINEAR TRACKER

0-0.0S TRACKER
uw-

DATA RECORDED AND PROCESSED
BY THE FAA TECHNICAL CENTER

.. - - ZDLVL (SENSE CHOICE LOGIC RATE CLIP)
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FIGURE 22. TRACKER RESPONSES FOR DC-9 VERTICAL PROFILE
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for each tracker were obtained. The b. A reduction in a to 0.I
sense choice logic has a vertical rate somewhat reduced the occurrence of
threshold, ZDLVL, such that sense chice incorrect sense choice during steady
is based strictly on current relat-.ve state vertical maneuvers. However,
position when the ablolute value of the initial flight testing showed that 100-
rate estimate is less than ZDLVL foot mode C excursions for aircraft in
(10 ft/sec). For the DC-9 vertical level flight could result in rat* errors
profile, the duration of the incorrect exceeding 16 feet per second (ft/sec).
sense choice period equals the time it
takes the tracker to depress the rate c. Modifications to the sense
estimate be.kow 10 ft/sec. With the choice logic and a reduction in S to
nonlinear tratker, this occurs at t+4; 0.05 eliminated sense choice problems
hence, the incorrect sense choice period associated with 100-foot mode C report
is 3 seconds. The a - S tracker does excursions. However, the decrease in
not depress the rate estimate below 6 has resulred in a significant increase
10 ft/sec until t+9, resulting in an in the tracker's transient rate response
$-second incorrect sense choice period, delay.
This corresponds closely with the live
flight test results. The rate estimate 2. Review of the nonlinear tracker
in the flight test results remained described in the appendix led to the
above 10 ft/sec for 10 seconds following following conclusions:
the DC-9 deceleration.

a. The complexity increase when
I', the nonlinear tracker, the compared to the a- 0 tracker requires

stand-alone analysis indicated a level the storage of ten additional logic
flight condition was declared 6 seconds parameters. The number of elements in
after the deceleration was initiated. the own aircraft state vector increased
The a - B tracker required 12 seconds to by eight. Also, the number of elements
establish the same result. This dif- in each intruder threat file increased
ference indicates the a - 8 tracker by eight.
would declare a vertical closure condi-
tion for 6 more seconds than the b. The missing or garbind altitude
nonlinear tracker. report flag in the Collisi,>n Avoidance

System (CAS) logic ZFLG was easily
incorporated into the nonlinear tracking

CONCLUSIONS logic to indicate when missing altitude
report logic should be used.

I. Review of a - B tracker performance 3. Comparative analysis of the
through the use of fast-time simulation performance of the nonlinear tracker
results in the following conclusions: with the a - A tracker resulted in the

following conclusions :

a. The previous rate tracking

constant value of A n 0.15 had been a. For 100-foot mode C excursions,
developed for use with 4.7-second data the maximal rate error associated with
rates. The much faster data rate (1 nonlinear tracking was 8 ft/sec. This
second) of Active Beacon Collision occurs because transitions in the mode C
Avoidance System (BCAS) caused large reports for aircraft with tracked
errors to be induced into the rate vertical rates of 0 ft/sec are treated
estimate by mode C quantisation. The as isolated transitions. The maximal
large errors often resulted in incorrect error occurs at the time of transition
command sense choice even during steady and decays even when successive reports
state vertical maneuvers by the threat reinforce the transition. The maximal
aircraft.
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error in the rate estimate is less than f, During and following level-off
ZDLVL. Hence, incorrect sense choices maneuvers, the nonlinear tracker
do not occur during 100-foot mode C required significantly loes time (6 to
report excursions with nonlinear 10 seconds) to obtain 0 ft/sec rate
tracking. estimates. When the excess bin occu-

pancy time exceeds 5 seconds, the rate

b. During steady state conditions estimate is reset to 0 ft/sec. The
for all rates analysed, the nonlinear a - 0 tracker's rate estimate can
tracker peak error in the rate estimate oscillate around 0 ft/sec inuefinitely,
was significantly smaller than the e-$ depending on the arithmetic precision of
tracker peak error in the rate estimate. the logic.

c. During steady state conditions g. During pitchover maneuvers
for vertical rates which represent earlier detection of the change in the
constant bin occupancy times, the non- sign of the vertical rate occurs with
linear tracker would provide error-free the nonlinear tracker. The large
rate estimates. The rates associated transient response delay associated with
with constant bin occupancy times (500, B - 0.05 results in long periods in
1,000, 1,500, 2,000 feet per minute which the a - 0 trackinp rate estimate
(ft/min)) are rutes at which aircraft has the wrong sign.
normally maneuver. Regardless of rate,
the a - * tracking rate estimate cycles h. During stairstep maneuvers
with a periodicity equal to the bin whenever the level flight duration
occupancy times. exceeds 5 seconds plus the expected bin

occupancy time, the nonlinear rate esci-
d. Following acceleration from mate is reset to the correct value of

level flight into constant rate climbs, 0 ft/sec. This does not occur with
little difference in the times required 4 - I tracking.
for each tracker to obtain accurate rate
estimates is detected for final vertical i. Fast-time simulation of Active
rates <1,000 ft/win. However, a,% the ICAS logic with both nonlinear and*-&
final rate is increased, nonlinear tracking has shown that a significant
tracking results in accurat2 rate improvement in command sense choice
estimates significantly earlier (6 to 12 occurs with nonlinear tracking. Addi-
seconds) than with the a - S tracker. tional improvement in sense choice
This fact appears uniform across the performance during periods of acceler-
acceleration rates tested. ation may be obtained. This improvement

masy be possible by augmenting the sense
e. The weakett performance by the selection logic with logic that accounts

nonlinear tracker occurs during slow for accelerating intruders.
accelerations Lo final rates which are
not associated with constant bin occu- 4. Review of live flight test sense
pancy times. However, accurate rate choice anomalies indicates that the
estimates are obtained considerably occurrence of incorrect se.t.e choice
earlier with the nonlinear tracker than would be reduced with nonlinear
with the a - B tracker. tracking.
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Collision Avoidance System (CAS) logic 5. Billmann, B., Algorithm Defi-
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nonlinear tracking that was not S. Billmann, B., Impact of Vertical
previously available with Alph&-Beta Tracker Performarce, Computer Sciences
tracking. Corp., Memorandum, July 1979.
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Threat Phase, FAA/RD-80/125, June 1981.
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November 1971.
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APPENDIX A Each element in table A-2 is subscripted
with the intruder's ID or track file

NONLINEAR VERTICAL TRACKER number. The same elements were also
added to the own aircraft state
vector. It is important to note that

Only minor changes were made to the code ZMOD6 was added to the intruder state
provided by Lincoln Laboratory in the vector although the same information
VTRK66 Version of the nonlinear altitude already exists in the state vector in
tracker. The changes included: (1) the the form of TDATA. This was done
parameter P2 was deleted since it was because ZMOD6 is internally manipulated
not referenced in the code, (2) the in the VTRK66 logic and may have an
previous a - I tracking of own altitude effect on other uses of TDATA in the CAS
was replaced with the nonlinear tracking logic.
logic, and (3) the check for missing or
unreliable altitude reports (ZM"0) was Certain additional track file elements
changed to conform with the flag pro- now require initialization prior to use
vided by Beacon Collision Avoidance by the tracker. When the BCAS is first
System (BCAS) su-veillance tracking made operational, own intruder state
which indicates missed, garbled, or an elements must be initialized. The addi-
unreliable altitude report, ZFLAG"O. tional elements req,,iring initialization
This change permitted the direct inter- are shown in table A-3.
face of VTRK66 into the Collision
Avoidance System (CAS) logic intruer When intruder reports are first passed
tracking routitne, TRIACT. to the CAS logic by the surveillance

logic, procedures must initialize
To support the addition of VTRK66, certain new alements in the intruder
specific paraweters had to be added to track file. The initialization is per-
the BCAS CAF logic parameter list. The formed in TRIACT. Nonlinear tracking
parameters added are shown int table A-1. occurs on subsequent reports. The ele-

ments of the intruder state vector to
Two other parameters used in VTRK66 be initialized are shown in table A-4.
Logic were not needed by the CAS logic.
The parameter DT, which identifies the When an intruder track file ei.ists and
nominal update rate (1 second) already surveillance tracking provides at
exists within the CAS tricking modules. least a range report on a particular
The BCAS variables TDATA and TDATAI logic cycle, the nonlinear tracking
already determine the duration of logic as shown in figure A-I is used to
missing report periods. The quanti- provide intruder tracking. This logic
zation bin with parameter Q was not will handle ukireliable, missing. or
added to the parameter list. The garbled altitude reports. When no
constant 100 was added in its place in surveillancc report is received for an
the VTRK66 logic. Two parameters were intruder with an established track file,
deleted from the BCAS parameter list. coasting of the track with the non-
They were the a - 0 position tracking linear tracker is acconplished as shown
constant, ALFAZ, and the rate Lracking in figure A-2. Own tracking is

constant, BETAZ. accomplished by integrating the non-
linear tracker into TROACT in the same

VTRK66 logic required that several new manner shown in figure A-I. The only
elements be added to the intrudpr track difference is that the missing altitude
file. Tne elements are shown in report logic can be deleted.
table A-2.
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TABLE A-I. BCAS CAS LOGIC PARAMETER LIST ADDITIONS

Parmeter Definition Nominal Value

P1 Magnitude of rate allowed following isolated 8 feet per second
altitude transition

P3 Rate decay factor when no reinforcing 0.90
transition has occurred

P4 Stiff rate smoothing parameter 0.04

P5 Excess bin occupancy time which results in 5 seconds
transition to level flight

P6 Excess bin occupancy time which results in 1.5 seconds
correction to rate estimate

P7 Amount of discrepancy in bin occupancy time 1.5 seconds
which triggers rate reinitialization

P8 Parameter used to position an estimated bin C.6
transition within an interval of missing reports

P9 Position smoothing parameter 0.3

Plo Decay factor for residual monitor, ZMODIO, 0.0
for scans without dutection of excess residual

P11 Bin occupancy smoothing parameter when excess 0.6
residuals are detected

Pli Decay factor following a correction to ZMODI0 0.75

P13 Value of ZMOD9 aL which transition from start 18
up smoothing to normal smoothing occurs

A-2
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TABLE A-2. ELEMENTS ADDED TO INTRUDER TRACK FILE

VTRK66 Previous Track
Element File Element Definition Units

V4 ZRINT Mode C report. ZFLAG-O when report feet (100)
is missing or garbled

ZNODI ZINT Tracked altitude of intruder feet

ZHKOD2 ZDINT Tracked altitude rate of intruder feet per second

ZNOD3 New Element Time last mode C report was seconds
received for this intruder

ZMOD4 New Element Previous mode C report for feet (100)
this intruder

ZMOD5 New Element Time of transistion to previous seconds
mode C altitude for this intruder

ZMOD6 New Element Time of last CAS track update seconds
for this intruder

ZMOD7 New Element Estimated bin occupancy time seconds

ZMOD8 New Element Firmness of rate, typically equal --

to number of altitude transitions
observed for current rate

ZNOD9 New Element Start up counter needed to
establish rate

ZMODIO New Element Residual indicator. Used to detect
a trend in tracker residuals which
indicate vertical acceleration

A-3
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TABLE A-3. OWN STATE VECTOR INITIA.IZATION PROCEDURE

VTRK66 Element Previous CAS Logic Element Initialization Value

ZWODI ZOWN Curtent own mode C report

ZHOD2 ZDOWN 0 feet per second**

ZNOD3 New Element TCUR*

ZMOD4 New Element Current mode C report

ZNOD5 New Element Added below

ZHOD6 New Element TCUR

ZHOD7 New Element 1O0/(ABS(ZMOD2)+O.I)

ZHOD8 New Element 5

ZHOD9 New Element 0

ZMODIO New Element 0

ZNOD5 New Element TCUR-ZMOD7 + 7

ZM ZROWN Current mode C report

*Variable name for current BCAS time in CAS logic.

**If BCAS is turned on in flight there should be an initial standby period.

This will permit the possible observance of a bin occupancy period. The
standby period should last 5 seconds or until two mode C transitions are
observed, whichever is shorter. If less than two transitions occurred,
ZHOD2 should be initialized to 0 ft/sec. If two transitions are observed,
then ZNOD2=(mode C report on second transition - mode C report on first
transition)/time between transitions. This procedure will reduce the time
delay required to obtain accurate own aircraft rate estimates when own
aircraft is maneuvering at high vertical rates (above 20 ft/sec) when BCAS
is first initialized.
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TABLE A-4. INTRUDER STATE VECTOR INITIALIZATION PROCEDURES

VRTK66 Element Previous CAS Track File Element Initialigacion Value

ZNODI ZINT Surveillance altitude
report uRIkT

ZHOD2 ZDI1T Surveillance rate ZDSV

Z,1D3 New Element TCUR

ZNOD4 Nev Element ZRINT

ZJODD5 New Element Added below

ZMOD6 New Element TCUR

ZNOD7 New Element lOO/(ABS(ZDSV)-O.l)

ZMOD8 New Element 5

ZNOD9 Nov Element 0

ZHODI0 New Element 0

ZMOD5 New Element TCUR-ZNOD7 * 7

ZN ZRINT ZRINT
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FIGURE A-1. NONLINEAR TRACKING LOGIC Aa INTEGRATED iN'rO TKIACT (Sheet I of 3)
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FIGURE A-I. NONLINEAR TRACKING LOGIC AS INTEGRATED INTO TRIACT (Sheet 3 of 3)
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SURVEILLANCE TRACKER DECLARES MISSING REPORT

TRACKNO EXIST
FOR
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FIGURE A-2. INTEGRATION OF NONLINEAR TRACKING LOCIC

INTO MISSING REPORT LOGIC OF TRIACT
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